Glucocorticoid receptor (GR) is crucial for signaling mediated by stress-induced high 26 levels of glucocorticoids. The lateral nucleus of the amygdala (LA) is a key structure 27 underlying auditory-cued fear conditioning. Here, we demonstrate that genetic 28 disruption of GR in the LA (LAGRKO) resulted in an auditory-cued fear memory 29 deficit for strengthened conditioning. Furthermore, the suppressive effect of a single 30 restraint stress (RS) prior to conditioning on auditory-cued fear memory in floxed GR 31 (control) mice was abolished in LAGRKO mice. Optogenetic induction of long-term 32 depression (LTD) at auditory inputs to the LA reduced auditory-cued fear memory in 33 RS-exposed LAGRKO mice, and in contrast, optogenetic induction of long-term 34 potentiation (LTP) increased auditory-cued fear memory in RS-exposed floxed GR 35 mice. These findings suggest that prior stress suppresses fear conditioning-induced LTP 36 at auditory inputs to the LA in a GR-dependent manner, thereby protecting animals from 37 encoding excessive cued fear memory under stress conditions. 38 39 40 41 42 76 different strengths between floxed GR (control) and LAGRKO mice at basal condition.
Introduction 43
Stress activates the hypothalamus-pituitary-adrenal (HPA) axis, which results in the 44 release of glucocorticoid hormones (cortisol in humans and corticosterone in rodents) 45 from the adrenal cortex. Glucocorticoid hormones can readily enter the brain and bind 46 to specific receptors in regions crucial for memories of stressful experiences, such as the 47 Injection of GR-expressing adeno-associated virus into the LA rescues the 139 auditory-cued fear memory deficit in LAGRKO mice 140 Although we successfully and selectively disrupted GR in the LA of LAGRKO mice, 141 we cannot exclude the possibility that sparse disruption of GR in other brain areas, such 142 as the hippocampal CA3 region, may be associated with behavioral impairment in 143 LAGRKO mice. To confirm that the auditory-cued fear memory deficit can be 144 specifically attributed to the disruption of LAGR, we performed a rescue experiment by 145 injecting a GR-expressing adeno-associated virus (AAV-GR) into the LA of LAGRKO 146 mice. Green fluorescent protein-expressing AAV (AAV-GFP) was used as the control. 147 Fear conditioning was conducted 4 weeks after virus injection ( Figure 4A, B) . 148 LAGRKO mice injected with AAV-GR and floxed GR mice injected with AAV-GFP 149 exhibited significantly higher freezing levels during the auditory-cued fear memory test 150 9 than did LAGRKO mice injected with AAV-GFP (F2,24 = 5.25, p = 0.013; one-way 151 ANOVA followed by post hoc Tukey-Kramer test; Figure 4E ). There was no significant 152 difference in freezing levels between the three mouse groups during training (F2,168 = 153 0.60, p = 0.522; two-way repeated measures ANOVA; Figure 4C ) and the contextual 154 fear memory test (F2,24 = 0.53, p = 0.600; one-way ANOVA; Figure 4D ). This rescue 155 experiment further suggests the specific involvement of LAGR in AFC. to prior restraint stress exposure 159 Fear conditioning is highly susceptible to modulation by prior stress exposure (Cordero 160 et al., 2003; Rodriguez Manzanares et al., 2005) . To investigate the involvement of 161 LAGR in mediating the effect of prior stress on subsequent fear conditioning, floxed 162 GR and LAGRKO mice were exposed to a 20-min restraint stress (RS) and conditioned 163 1 h later ( Figure 5A ). Mice were conditioned with three CS × US pairings that resulted 164 in equivalent freezing levels in floxed GR and LAGRKO mice in the contextual and 165 auditory-cued fear memory tests (Supplementary figure 2). RS exposure 1 h prior to 166 fear conditioning induced a significant increase in freezing levels during the training 167 (F3,215 = 32.25, p < 0.001; two-way repeated measures ANOVA; Figure 5B ) and 168 10 contextual memory test (F3,43 = 5.03, p = 0.004; one-way ANOVA followed by post hoc 169 Tukey-Kramer test; Figure 5C ) in both floxed GR and LAGRKO mice. In contrast to 170 the facilitating effect of prior RS exposure on contextual fear memory, RS exposure 1 h 171 before fear conditioning induced a significant decrease in auditory-cued freezing in 172 floxed GR mice but not in LAGRKO mice (floxed GR, p = 0.016; LAGRKO, p = 173 0.951; Student's t test; Figure 5D ), suggesting this suppressive effect is 174 LAGR-dependent.
176
Optogenetic manipulation of metaplasticity in the LA alters the behavioral effect of 177 prior RS exposure on auditory-cued fear memory 178 We next investigated whether stress-induced changes in synaptic plasticity were 179 responsible for the effect of prior stress on auditory-cued fear memory in floxed GR and 180 LAGRKO mice. It was recently proposed that metaplasticity may play a role in the 181 regulation of learning and memory under stress (Joels et al., 2012; Myers et al., 2014) .
182
Therefore, we hypothesized that prior RS exposure would suppress AFC-induced LTP in 183 the LA, leading to the attenuation of auditory-cued fear memory in floxed GR mice, and 184 that LAGR disruption might impair stress-induced metaplasticity in the LA. To test this, 185 we used a recently established technique that allows engineering a memory using an 186 11 optical LTP or LTD protocol (Nabavi et al., 2014) . We injected an AAV vector 187 expressing a variant of light-activated channelrhodopsin 2, oChIEF, into bilateral MGN 188 and AC. Four weeks after virus injection, when oChIEF had reached axon terminals in 189 the LA, mice were exposed to a RS and conditioned 1 h later ( Figure 6A , B).
190
Immediately after the first auditory-cued fear memory test (Test 1), which was 191 conducted 24 h after fear conditioning, mice received an optical LTP or LTD protocol 192 and tested 24 h later (Test2). The optical LTP protocol significantly increased freezing 193 levels during the Test 2 compared with Test 1 in floxed GR mice but not in LAGRKO 194 mice (floxed GR, p = 0.046; LAGRKO, p = 0.811; Student's t test; Figure 6C In the present study, we demonstrate that LAGR exclusively mediates auditory-cued 212 fear responses to strengthened conditioning, suggesting a critical role for LAGR in 213 signaling mediated by stress-induced high levels of glucocorticoids. We further 214 demonstrate that LAGR is indispensable for the suppressive effect of prior RS exposure 215 on AFC. The optogenetic manipulation of synaptic strength at auditory inputs to the LA 216 by an LTP protocol significantly increased auditory-cued fear memory in RS-exposed 217 floxed GR mice but not in RS-exposed LAGRKO mice. In contrast, an LTD protocol 218 significantly reduced auditory-cued fear memory in RS-exposed LAGRKO mice. These 219 findings suggest that stress-induced metaplasticity occurs in the LA in a GR-dependent 220 manner, and is responsible for the suppressive effect of prior RS on AFC.
13
The degree of stress induced by learning itself has been shown to be 222 related to strength of the memory (Cordero et al., 1998; Cordero and Sandi, 1998) . In 223 our study, there was no difference in freezing levels between floxed GR and LAGRKO respectively. During the contextual memory test, mice were re-exposed to the 381 conditioning chamber for 5 min without the tone and shock presentation. The Technologies, Santa Clara, CA), as previously described (Iida et al., 2013; Li et al., 431 2006) . Recombinant viruses were purified by isolation from two sequential continuous 432 CsCl gradients, and the viral titers were determined by qRT-PCR. Before administration,
433
AAV-GR and AAV-GFP vectors were diluted in phosphate-buffered saline to 5 × 10 11 434 genome copies/100 µL and 1 × 10 11 genome copies/100 µL, respectively. 
